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Abstract. Fuel moisture content (FMC), an important variable for predicting the occurrence and
spread of wildfire, is the ratio of foliar water content and foliar dry matter content. One approach
for the remote sensing of FMC has been to estimate the change in canopy water content over time
by using a liquid-water spectral index. Recently, the normalized dry matter index (NDMI) was
developed for the remote sensing of dry matter content using high-spectral-resolution data. The
ratio of a spectral water index and a dry matter index corresponds to the ratio of foliar water and
dry matter contents; therefore, we hypothesized that FMC may be remotely sensed with a spec-
tral water index divided by NDMI. For leaf-scale simulations using the PROSPECT (leaf optical
properties spectra) model, all water index/NDMI ratios were significantly related to FMC with a
second-order polynomial regression. For canopy-scale simulations using the SAIL (scattering by
arbitrarily inclined leaves) model, two water index/NDMI ratios, with numerators of the normal-
ized difference infrared index (NDII) and the normalized difference water index (NDWI), pre-
dicted FMC with R2 values of 0.900 and 0.864, respectively. Leaves from three species were
dried or stacked to vary FMC; measured NDII/NDMI was best related to FMC. Whereas the
planned NASA mission Hyperspectral Infrared Imager (HyspIRI) will have high spectral reso-
lution and very high signal-to-noise properties, the planned 19-day repeat frequency will not be
sufficient for monitoring FMC with NDII/NDMI. Because increased fire frequency is expected
with climatic change, operational assessment of FMC at large scales may require polar-orbiting
environmental sensors with narrow bands to calculate NDMI. © 2012 Society of Photo-Optical
Instrumentation Engineers (SPIE). [DOI: 10.1117/1.JRS.6.061705]
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1 Introduction

In the mid-1980s, there was a large increase in the frequency and duration of large wildfires in
the western United States associated with springtime and summertime air temperature.1 Future
changes in climate are expected to dramatically increase wildfires,2,3 and increases in wildfires
will have a positive feedback on climatic change by increasing various radiative forcings com-
pared to preindustrial times.4 Adaption and mitigation strategies at regional scales may depend
on predicting fire behavior with simulation models. Fuel moisture content (FMC) is one of the
main parameters for predicting the occurrence and spread of wildfire.5,6

FMC, the mass of water per unit mass of dry matter in vegetation, is determined simply from
fresh and oven-dry weights. However, large numbers of samples are required for estimating
FMC over large areas, so many studies have examined different methods for the remote sensing
of FMC.7–15 Remotely sensed indices that estimate foliar liquid-water content are generally cor-
related with FMC;9,11,12,14 the major problem is determination of the dry matter content in fresh
leaves. Currently, a promising biophysical approach is the retrieval of both water and dry matter
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contents by inverting leaf and canopy radiative-transfer models.13–15 However, model inversions
are “ill-posed problems” because different combinations of parameters may produce similar
reflectance spectra.15 An alternative is to use spectral indices for liquid water content and a
spectral index for dry matter content.16–18

The normalized dry matter index (NDMI) was developed by examining spectral reflectances
of fresh leaves across a wide range of species:16,17

NDMI ¼ ðρ1649 − ρ1722Þ∕ðρ1649þ ρ1722Þ; (1)

where ρ1649 and ρ1722 are the spectral reflectances at 1649- and 1722-nm wavelength, respec-
tively. NDMI is based on absorption by the C─H bond stretch overtone at 1722 nm;19 C─H
bonds are found in all leaf biochemical constituents: lipids, proteins, nucleic acids, lignin, cel-
lulose, and other carbohydrates. Because foliar FMC is the ratio of leaf water content and dry
matter content, we hypothesized that the ratio of a liquid-water spectral index with NDMI would
estimate FMC.

With a ratio of two indices, many of the factors that affect vegetation indices in general, such
as leaf area index (LAI) and leaf angle distribution (LAD), may be hypothesized to cancel out,
resulting in a consistent estimate of FMC. There have been a large number of spectral indices for
liquid water content presented in the literature, a few of which are presented in Table 1. To avoid
spurious correlations, an ideal index for water should not be correlated to NDMI; because both
dry matter and water absorb radiation between 1600 and 1800 nm [Fig. 1(a)], changes in one
biophysical parameter could be attributed mistakenly to the other parameter. To reduce the

Table 1 Remotely sensed indices related to leaf and canopy water content.

Index Abbreviation Formula Reference

Normalized difference infrared index NDII ðρ860 − ρ1650Þ∕ðρ860þ ρ1650Þ 20

Reciprocal of moisture stress index RMSI ρ860∕ρ1650 21

Normalized difference water index NDWI ðρ860 − ρ1240Þ∕ðρ860þ ρ1240Þ 22

Simple ratio water index SRWI ρ860∕ρ1240 23

Fig. 1 (a) Spectral absorption coefficients for water and dry matter used in the PROSPECT leaf
model. (b) Four model simulations with FMC ¼ 1.0 and 2.0, and Cm ¼ 0.005 and 0.010 g cm−2.
The leaf structure parameter N was 1.5 for all simulations. From the top to bottom spectra, the
differences in reflectance between 1649 to 1722 nm wavelength are 0.019, 0.021, 0.028, and
0.030, respectively.
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occurrence of spurious correlations, we compared FMC to ratios of spectral water indices with
NDMI using both radiative-transfer model simulations and laboratory spectral reflectance
measurements.

2 Methods

2.1 Calculation of FMC and Remote Sensing Indices

FMC (dimensionless) was calculated from leaf water content Cw (g cm−2) and leaf dry matter
content Cm (g cm−2):

Cw ¼ ðWf −WdÞ∕A; (2)

Cm ¼ Wd∕A; (3)

and

FMC ¼ ðWf −WdÞ∕Wd ¼ Cw∕Cm; (4)

whereWf is leaf fresh weight (g), Wd the leaf dry weight (g), and A the leaf area (cm2). Canopy
water content and canopy dry matter content were the leaf Cw and Cm multiplied LAI, respec-
tively. However, the ratio Cw∶Cm was used for both leaves and canopies because leaf area
canceled out.

Four vegetation water indices were selected for analysis based on two different water absorp-
tion bands (1240 and 1650 nm) and two different methods for index calculation (normalized
difference and ratio) (Table 1). The indices were the normalized difference infrared index
(NDII),20 the reciprocal of moisture stress index (RMSI),21 the normalized difference water
index (NDWI),22 and the simple ratio water index (SRWI).23 RMSI was used instead of the
moisture stress index (Table 1) because RMSI increases with increasing FMC, allowing for
better comparisons among the combined index ratios.

2.2 PROSPECT and SAIL Model Simulations

The leaf radiative-transfer model, PROSPECT (leaf optical properties spectra) version 4,24,25 was
used to simulate leaf reflectance and transmittance [Fig. 1(b)]. For a total of 250 simulations, all
input parameters except chlorophyll content were randomly generated using a uniform distribu-
tion within given range of each variable (Table 2). Total chlorophyll a and b content (Cab) was
held constant at 40 μg cm−2, because there was no effect of Cab on shortwave-infrared reflec-
tances. The range of each input parameter (Table 2) was reasonable.26 However, Cw and Cm are
somewhat correlated: leaves with high Cw usually have high Cm. Random combinations of Cw

and Cm created a larger range of FMC than would naturally occur.
The scattering by arbitrarily inclined leaves (SAIL) model27 was used to simulate canopy

spectral reflectance as a function of leaf reflectance and transmittance, soil background reflec-
tance, LAI, and LAD (Table 2). Leaf spectral reflectances and transmittances from the
PROSPECT simulations were used as inputs to the SAIL model. The spectral reflectance of
a dry Othello silt loam (fine silty, mixed, active, mesic Typic Endoaquult) from Salisbury,
Maryland, was used for the background. A total of 4500 simulations were made (3 LAD ×
LAI × 250 PROSPECT simulations).

2.3 Spectral Reflectance Measurements

Leaves of Quercus alba (white oak), Acer rubrum (red maple), and Zea mays (maize) were
collected at the U.S. Department of Agriculture–Agricultural Research Service, Beltsville Agri-
cultural Research Center, Beltsville, Maryland. The leaves were placed into plastic bags and then
into an insulated chest, to minimize water loss during transport to the laboratory. Leaf spectral
reflectances of the adaxial surface were measured with an Analytical Spectral Devices FieldSpec
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Pro FR Spectroradiometer (Analytical Spectral Devices, Boulder, Colorado) and an LI-1800-12
Integrating Sphere (LiCor, Lincoln, Nebraska). Leaf fresh and dry weights were measured using
an analytical balance (accurate to 0.1 mg), and leaf area was measured with a LiCor LI-3100c
Area Meter.

Measurements of fresh weight, area, and spectral reflectances were made on single leaves of
Q. alba, A. rubrum, and Z. mays immediately upon return to the laboratory. Stacks of two and
three leaves of white oak and red maple were measured to simulate a planophile canopy. Then,
the leaves were placed on a laboratory bench to lose water. At frequent intervals (about 30 to
45 min), fresh weight and spectral reflectances were measured at the same spot on the leaves.
Finally, the leaves were placed in an oven at 50°C for 24 h; leaf dry weight was measured to
calculate Cw, Cm, and FMC [Eqs. (2)–(4)].

2.4 Statistical Approaches

Polynomial regressions were used to quantify the relationship between FMC and spectral water
indices divided by NDMI:

FMC ¼ b2ðindex∕NDMIÞ2 þ b1ðindex∕NDMIÞ þ b0; (5)

where b2, b1, and b0 were the regression coefficients, and index was either NDII, NDWI, RMSI,
or SRWI (Table 1). The performance of each water index was evaluated by the coefficient of
determination (R2) and the root mean square error (RMSE).

Two components of RMSE, systematic and unsystematic (RMSEs and RMSEu, respec-
tively), were calculated to evaluate model performance from the PROSPECT simulations
when applied to leaf reflectance data.28

3 Results

3.1 SAIL and PROSPECT Model Simulations

The effect of dry matter content on leaf spectral reflectance using the PROSPECT model was
small [Fig. 1(b)]; the slopes from about 1700 to 1800 nm were more negative with
Cm ¼ 0.010 g cm−2 compared to the slopes where Cm ¼ 0.005 g cm−2. There was also an effect

Table 2 Input parameters for PROSPECT leaf model and SAIL canopy model simulations.

Model Model and parameters Values

PROSPECT (n ¼ 250) Leaf structure parameter (N) 1 to 3

Chlorophyll content (Cab , μg cm−2) 40

Water content (Cw , g cm−2) 0.004 to 0.034

Dry matter content (Cm , g cm−2) 0.002 to 0.018

SAIL (n ¼ 4500) Leaf area index (LAI) 1.0, 1.5, 2.0, 3.0, 5.0, 6.0

Leaf angle distribution (LAD) Erectophile, planophile, and spherical

Fraction of direct solar irradiance 0.8

Background reflectance Othello silt-loam

Solar declination 0 deg

Latitude 36 deg

View zenith angle Nadir

Time of day 10:00 a.m.
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of dry matter on the near-infrared reflectances from about 800 to 1200 nm wavelength
[Fig. 1(b)], because the absorption coefficients for dry matter were larger than those of water
[Fig. 1(a)]. However, the most sensitive parameter in PROSPECT is the leaf structure parameter
N, which was held constant at 1.5 in Fig. 1(b). Variations in N would cause much larger changes
in near-infrared reflectance, so the effect of dry matter would not be apparent in the near infrared.
Absolute changes in reflectance caused by differences in leaf water content were largest at about
1450 nm, but at this wavelength, little solar radiation (if any) reaches Earth’s surface because of
atmospheric water vapor.29

From the PROSPECT model simulations, ratios of the four spectral water indices with NDMI
worked well for predicting FMC (Fig. 2). Second-order polynomial regressions fitted the data
better than linear regressions. The R2 values were >0.9, except for SRWI/NDMI, which had an
R2 of 0.803 [Fig. 2(d)]. RMSI/NDMI had the highest R2 and lowest RMSE predicting FMC
over the range of inputs [Fig. 2(c)]. However, FMC between 0.5 and 1.0 is the important range
for monitoring FMC,11 and RMSI/NDMI had more variation in this smaller range of FMC
[Fig. 2(c)].

At the canopy scale with SAIL-simulated canopy reflectances, the relationships among FMC
with the index/NDMI ratios showed much more scatter (Fig. 3) compared to the leaf-level simu-
lations. Second-order polynomial regressions also provided the best fit for each vegetation water
index (Fig. 3, black lines). NDII/NDMI and NDWI/NDMI had higher R2 and had positive coef-
ficients for the second-order term, similar to the PROSPECT simulations [Fig. 3(a) and 3(b)].
Both ratio-based spectral water indices divided by NDMI, i.e., RMSI/NDMI and SRWI/NDMI,
had negative coefficients for the squared term [Fig. 3(c) and 3(d)].

Because leaf area was assumed to cancel out of the calculation for canopy FMC, we tested the
hypothesis that the regression models from the PROSPECT simulations (Fig. 3, green lines)
would fit the results from the SAIL model simulations. Regression equations between FMC
and NDII/NDMI and NDWI/NDMI from the SAIL model predicted higher FMC compared to
the leaf-level simulations [Fig. 3(a) and 3(b)]. On the other hand, the regression equations from
the PROSPECT simulations fit the results from the SAIL model simulations for RMSI/NDMI
and SRWI/NDMI almost as well as the polynomial regressions [Fig. 3(c) and 3(d)], because of

Fig. 2 Simulated leaf fuel moisture content (FMC) versus the ratio of four different water indices
with the normalized dry matter index (NDMI) from PROSPECT model simulations (n ¼ 250).
The black lines are the polynomial regressions shown in each panel.
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the large amounts of scatter. Therefore, leaf-level simulations with the PROSPECT model could
not be used to predict FMC at the canopy scale.

3.2 Measurements on Drying Leaves and Leaf Stacks

Using the pooled leaf and leaf-stack data, there was a strong positive correlation between NDMI
and Cm and a significant negative correlation between NDMI and Cw (Table 3). In contrast, the
spectral water indices were correlated to Cw and were not correlated to Cm. Furthermore, the
spectral water indices had higher correlations with Cw compared to FMC (Table 3), so spectral

Fig. 3 Simulated canopy FMC versus the ratio of four water indices with NDMI using the SAIL
model (n ¼ 4500). The black lines are the polynomial regression equations shown in each panel
and the green lines are the polynomial regression equations from the PROSPECT model simula-
tions (Fig. 2).

Table 3 Correlations of individual water and dry matter spectral indices from reflectances of
drying leaves of Quercus alba, Acer rubrum, and Zea mays, and from leaf stacks of Q. alba
and A. rubrum (n ¼ 242).

Index or index ratio Dry matter content (Cm) Water content (Cw ) Fuel moisture content (FMC)

NDMI 0.726 −0.262 −0.562

NDII −0.0429 0.599 0.299

RMSI −0.038 0.426 0.251

NDWI −0.00133 0.419 0.263

SWRI −0.040 0.398 0.243

Note: Stacks of 2 or 3 leaves have the same FMC but higher Cw and Cm compared to single leaves. Critical
values of r are 0.123 for P ¼ 0.95 and 0.165 for P ¼ 0.99.
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water indices alone were not good predictors of FMC. Correlations between FMC and ratios of
two spectral indices, one for leaf liquid water and NDMI for leaf dry matter, were not spurious
because the experimental design reduced potential autocorrelation. Normally, Cw and Cm would
be highly correlated because both Cw and Cm depend on leaf thickness.

Leaves of Z. mays had a much larger range in FMC (from 0.03 to 6.4) compared to leaves of
Q. alba and A. rubrum (Fig. 4), because the leaves of Z. mays had much less dry weight per leaf
area and, presumably, less structural tissue. With single-leaf and stacked-leaf datasets combined,
FMC was best predicted with a second-order polynomial regression (Table 4). NDII/NDMI had
the highest R2 and the lowest RMSE, whereas SRWI/NDMI had the lowest R2 and highest
RMSE (Table 4).

Fig. 4 Measured FMC versus NDII/NDMI calculated from spectral reflectance measurements for
individual leaves ofQ. alba (a), A. rubrum (b), and Z. mays (c) and for leaf stacks ofQ. alba (a) and
A. rubrum (b). The black lines show the pooled polynomial regression combining the five datasets
(Table 3) and the green lines show the regression equation from the PROSPECT simulations
[Fig. 2(a)].

Table 4 Polynomial regression coefficients and statistics for pooled leaf and leaf-stack data for
all species.

Index b2 b1 b0 R2 RMSE

NDII/NDMI 0.0221 0.0644 0.0210 0.853 0.306

NDWI/NDMI 0.596 −0.701 1.03 0.769 0.383

RMSI/NDMI 0.000410 −0.0143 0.860 0.659 0.466

SRWI/NDMI 0.000404 −0.000594 0.628 0.485 0.572

Note: Leaves and leaf stacks were slowly dried to create differences in FMC. The polynomial equation is
FMC ¼ b2ðindex∕NDMIÞ2 þ b1ðindex∕NDMIÞ þ b0ðn ¼ 242Þ.
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The pooled regression equation from the combined single-leaf and stacked-leaf datasets for
NDII/NDMI (Table 4) predicted FMC accurately for each dataset (Fig. 3) with relatively low
RMSE (Table 5). The unsystematic RMSE was greater than systematic RMSE for each data
regression. The polynomial regressions from the PROSPECT simulations also predicted FMC
with relatively low RMSE; systematic and unsystematic RMSE were about equal (Table 5).
Leaves of Z. mays had the highest RMSEs for predicted FMC from the pooled-data regression
and the PROSPECT regression.

4 Discussion

In general, vegetation indices are sensitive to several different attributes of plant canopies. Ratios
of two indices, one more strongly related to leaf chlorophyll content and one more strongly
related to LAI, were originally tested for estimating crop nitrogen status in fields with variable
LAI.30–33 As hypothesized, ratios of spectral water indices and NDMI were better correlated to
FMC than were the individual indices.

Overall, the normalized difference water indices predicted FMC better than the ratio-based
water indices for the same wavelength: NDII versus RMSI and NDWI versus SRWI. There is a
nonlinear relationship between normalized difference and ratio-based indices:

�ðx − yÞ
ðxþ yÞ

�
¼

�ðx − yÞ∕x
ðxþ yÞ∕x

�
¼

�ð1 − y∕xÞ
ð1þ y∕xÞ

�
; (6)

where x and y are variables. So normalized difference indices for leaf water content are statis-
tically more linear with respect to water content compared to ratio-based indices for water con-
tent. Whereas indices based on 1650-nm wavelength (e.g., NDII) performed similarly to indices
based on 1240-nm wavelength (e.g., NDWI) in the PROSPECT model simulations [Fig. 2(a) and
2(b)], NDII performed better using the SAIL model simulations [Fig. 3(a) and 3(b)] and the
experimental datasets (comparison not shown). NDII and related indices have been used to esti-
mate the canopy water content for different land cover types,34–38 so it is reasonably well tested.
However, NDII is also an important index for the remote sensing of snow cover and flooded
areas;39,40 thus, using NDII to monitor FMC requires masking of nonvegetated land-cover types.

The signal for dry matter content was weaker than that of water content over much of the
shortwave infrared, in part because the amount of dry matter in most fresh leaves is less than the
amount of water26 and in part because the absorption coefficient for dry matter is less than that of
water.24,25 However, at about 1722 nm wavelength, the absorption coefficient of dry matter in the
PROSPECT model is slightly greater than that of water, which was why this wavelength was
selected for NDMI.16,17 The biggest problem in determining NDMI with remotely sensed data is
the requirement for a narrow-band sensor with a very high signal-to-noise ratio in the shortwave
infrared.

Table 5 Comparison of RMSE and component terms (systematic RMSEs and unbiased RMSEu)
of leaf and stacked-leaf datasets using predicted FMC from the pooled polynomial regression
using measured NDII/NDMI (Table 3) and the polynomial regression from the PROSPECT model
simulations [Fig. 1(a)], respectively.

Dataset

Pooled data regression PROSPECT regression

RMSE RMSEs RMSEu RMSE RMSEs RMSEu

Q. alba leaves 0.116 0.027 0.118 0.137 0.133 0.116

Q. alba leaf stack 0.162 0.038 0.137 0.256 0.160 0.129

A. rubrum leaves 0.178 0.034 0.176 0.165 0.097 0.168

A. rubrum leaf stack 0.195 0.065 0.175 0.259 0.200 0.171

Z. mays leaves 0.910 0.381 0.839 0.919 0.652 0.639
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NASA is planning the Hyperspectral Infrared Imager (HyspIRI) mission with a launch after
2020; the hyperspectral sensor on-board HyspIRI is expected to have 60-m pixels and a 19-day
repeat cycle. The spectral and radiometric qualities of HyspIRI are excellent for determining
FMC, with either radiative model inversion or ratios of two indices, but the temporal repeat
frequency is too low for monitoring changes in FMC for wildfire prediction. Except for a
few species with large temporal variation of Cm, most of the variation in FMC would be caused
by either changes in LAI or changes inCw. The Moderate Resolution Imaging Spectroradiometer
(MODIS) and the Visible Infrared Imaging Radiometer Suite (VIIRS) sensors do not have a
narrow band at about 1722-nm wavelength for detecting canopy dry matter content, but
MODIS and VIIRS have several bands with which spectral water indices could be calculated.
With both seasonal HyspIRI data and frequent VIIRS data, canopy FMC could potentially be
monitored at high temporal resolution for assimilation into wildfire models. However, based on
current research, sensor-data fusion requires the sensors to have bands at similar wavelengths;41

fusion of two independently derived biophysical data products is more difficult because of the
nonlinear responses between reflectances and biophysical variables.

In conclusion, a ratio of a spectral water index and a spectral dry matter index was strongly
related to FMC at both leaf and canopy scales, so our primary hypothesis was supported.
However, the polynomial equations of simulated NDII/NDMI and FMC were different at the
leaf and canopy scales, even though the leaf spectral reflectances and transmittances from the
PROSPECT leaf simulations were used in the SAIL canopy simulations. Therefore, the hypoth-
esis that canopy variables, such as LAI and LAD, would cancel out was not supported. For
monitoring FMC, there is no requirement for an imaging spectrometer per se; the requirement
is for a narrow band at 1722 nm. Thus, operational monitoring for FMC may require a new
sensor for optimum sensitivity to FMC.
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